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Abstract Climate models generally underestimate the pronounced warming in the sea surface
temperature (SST) over the North Atlantic during the mid-Pliocene that is suggested by proxy data. Here
we investigate the inﬂuence of the North Atlantic cold SST bias, which is observed in many climate models,
on the simulation of mid-Pliocene surface climate in a series of simulations with the Kiel Climate Model. A
surface freshwater-ﬂux correction is applied over the North Atlantic, which considerably improves simulation
of North Atlantic Ocean circulation and SST under present-day conditions. Using reconstructed mid-Pliocene
boundary conditions with closed Bering and Arctic Archipelago Straits, the corrected model depicts
signiﬁcantly reduced model-proxy SST discrepancy in comparison to the uncorrected model. A key factor in
reducing the discrepancy is the stronger and more sensitive Atlantic Meridional Overturning Circulation and
poleward heat transport. We conclude that simulations of mid-Pliocene surface climate over the North
Atlantic can considerably beneﬁt from alleviating model biases in this region.
1. Introduction
Themid-Pliocene, from 3.264 to 3.025million years before present, is themost recent geological period when
the atmospheric CO2 concentration was comparable to the present-day concentration. Yet the globally aver-
aged surface temperature was signiﬁcantly warmer (Fedorov et al., 2013; Martínez-Botí et al., 2015).
Therefore, the mid-Pliocene may offer insights into the surface warming during the mid-21st century
(Zubakov & Borzenkova, 1988). Both marine and terrestrial reconstructions suggest that the tropical surface
temperatures only exhibited minor differences to the present-day temperatures but the high latitudes, par-
ticularly the subpolar North Atlantic and the Atlantic sector of the Arctic, were much warmer (e.g., Dowsett
et al., 1996; Thompson & Fleming, 1996). However, climate model simulations from the Pliocene Model
Intercomparison Project phase 1 fail to reproduce the pronounced warming over the North Atlantic
(Haywood et al., 2016).
Several hypotheses have been offered to explain the discrepancy between the models and the proxy data
(Figure 1a; proxy data in Table S1 by Dowsett et al., 2012, 2013). For example, uncertainties in the boundary
conditions or climate model deﬁciencies have been proposed (e.g., Crowley, 1991; Hill, 2015; Otto-Bliesner
et al., 2017; Unger & Yue, 2014). Based on temperature reconstructions, enhanced poleward ocean heat trans-
port associated with a strengthened Atlantic Meridional Overturning Circulation (AMOC) has been proposed
to explain the large warming over the North Atlantic (Dowsett et al., 1992). Hill (2015) investigates the AMOC
response to the individual and combined impacts of rerouted river runoff from the North American and Baltic
rivers, lowering Greenland-Scotland ridge and replacing the Barents Sea with landmass. Only the lowering of
the Greenland-Scotland ridge supports an enhanced AMOC, yet it is unable to produce the strong warming
over the North Atlantic. Dowsett et al. (2016) proposed closed Bering and Arctic Archipelago Straits in the
most recently updated version of the boundary condition data set for the mid-Pliocene. The closure of these
Arctic gateways could result in much enhanced AMOC and substantially reduce the model-data discrepan-
cies in the North Atlantic (Otto-Bliesner et al., 2017). Moreover, the role of cloud albedo on simulating the
Pliocene climate has been addressed with a suite of climate model simulations (Burls & Fedorov, 2014).
However, the inﬂuence of the North Atlantic cold sea surface temperature (SST) bias has not been explored
in detail.
Most climate models participating in the Coupled Model Intercomparison Project phase 5 (Taylor et al., 2012)
suffer from a signiﬁcant cold SST bias in the North Atlantic (Figure S1 in the supporting information), which
generally originates from the biased mean ocean circulation such as a too weak AMOC or an incorrect path of
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the North Atlantic Current (Park et al., 2016; Scaife et al., 2011; Wang et al., 2014). The deﬁcient oceanic heat
and salinity transports among others alter the stratiﬁcation and therefore misplace the deep convection sites
in the North Atlantic (Drews et al., 2015; Park et al., 2016). Furthermore, the positive feedback between the
AMOC strength and the density in the middle- and high-latitude North Atlantic (Hofmann & Rahmstorf,
2009) strongly ampliﬁes the biases in the mean ocean circulation and surface climate over the North
Atlantic. As a consequence, the response of the Atlantic ocean circulation and North Atlantic surface
climate to changes in ocean gateways and rivers routes could be biased as well (e.g., Hill, 2015; Otto-
Bliesner et al., 2017).
Here we use the Kiel Climate Model (KCM; Park et al., 2009) to investigate the inﬂuence of model biases in the
North Atlantic on the ocean circulation and surface climate response to closed Bering and Arctic Archipelago
Straits during themid-Pliocene. Two versions of the KCM are employed in this study: the original version exhi-
biting large upper ocean salinity and temperature biases in the North Atlantic, speciﬁcally a large North
Atlantic cold SST bias, and a version with much reduced biases. Bias reduction is achieved by applying a sur-
face freshwater ﬂux correction over the North Atlantic (Park et al., 2016). The enhanced simulation of North
Atlantic salinities improves the representation of the ocean circulation in the Atlantic, especially the AMOC,
which in turn improves the simulation of North Atlantic SSTs.
The paper is organized as follows: Section 2 describes the climate model and the experimental setup. We
explore the inﬂuence of model bias on the response to the closed Bering and Arctic Archipelago Straits in
section 3. Summary and Discussion are presented in section 4 and conclude the paper.
2. Model and Experimental Design
The KCM is a fully coupled atmosphere-ocean-sea ice general circulation model. Its atmospheric model is
ECHAM5 (Roeckner et al., 2003) with a horizontal resolution of T42 (2.8° × 2.8°) and 19 vertical levels up to
10 hPa. The ocean-sea ice component is NEMO (Madec, 2008) on a 2° Mercator mesh, with 31 vertical levels.
The meridional resolution enhances toward lower latitudes, with 0.5° in the equatorial region. The two com-
ponents are coupled with the OASIS3 coupler (Valcke, 2006). The standard KCM does not employ any form of
ﬂux correction or anomaly coupling and suffers from a large cold SST biases up to 8 °C in the North Atlantic
(Figure 2a). Following Park et al. (2016) a surface freshwater-ﬂux correction over the North Atlantic (Figure S2)
is applied to the KCM, which, by deﬁnition, substantially reduces sea surface salinity (SSS) biases in this region
(Figure 3b). Application of the surface freshwater-ﬂux correction also substantially reduces the cold SST bias
over the North Atlantic (Figure 2b).
Two sets of simulations (Table 1) with the standard (labeled T42) and freshwater-ﬂux corrected KCM (labeled
FWC) are performed. Each set consists of three experiments: one 1,000-year-long control integration (PICTL)
that is initialized with the Levitus climatology of temperature and salinity. The control integration employs
the modern (open) Bering and Arctic Archipelago Straits with atmospheric CO2 concentration ﬁxed at 286
Figure 1. Response of annual mean sea surface temperature (SST, unit: °C) to (a) increased CO2 and (b) closed Bering and Arctic Archipelago Straits and increased
CO2 in the standard Kiel Climate Model (T42). (c) As in (b) but from the freshwater ﬂux-corrected Kiel Climate Model version (FWC). Green contours depict clima-
tological mean SST (contour interval: 2 °C) in (a, b) T42 and (c) FWC. Stippling indicates statistical signiﬁcance at the 95% conﬁdence level using Student’s t test.
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parts per million by volume. In the second experiment (PLIO) only the atmospheric CO2 concentration is
increased to 405 ppm following the PlioMIP protocol (Haywood et al., 2011). The orography, vegetation,
and ice sheet mask implemented in PLIO are the same as in PICTL. Based on the latest Pliocene Research,
Interpretation and Synoptic Mapping (PRISM4) reconstruction data set (Dowsett et al., 2016, and
references therein), closed Bering and Arctic Archipelago Straits are implemented in the third experiment
(CBA). In CBA, atmospheric CO2 is also ﬁxed at 405 ppm.
Apart from PICTLT42, all simulations are integrated for 800 years and the monthly mean output of the last
300 years is taken for analysis (Figure S3). Initialization is as follows; PLIOT42, CBAT42, and PICTLFWC start from
conditions at year 500 of PICTLT42. PLIOFWC and CBAFWC start from year 500 of PICTLFWC.
3. Results
3.1. Response to Seaway Changes
We ﬁrst discuss the response of annual mean SSS to the closed Bering and Arctic Archipelago Straits. The
closed Bering and Archipelago straits generally increase the SSS in the North Atlantic. However, the response
patterns are rather different among the two KCM versions (Figures 4a and 4b). In the uncorrected model
(T42), the closure of the straits results in increased SSS of up to 1.4 psu in a zonal band at 40°N extending into
Figure 2. The annual mean SST biases (unit: °C) for the (a) standard Kiel Climate Model (KCM; T42) and (b) freshwater ﬂux-
corrected KCM version (FWC). The bias is calculated as the difference between the simulated SST and the ERSSTv5 (https://
www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5).
Figure 3. SSS biases (unit: psu) in a T42 and (b) FWC in relative to the World Ocean Atlas 2013 (WOA13) data (https://www.
nodc.noaa.gov/OC5/woa13/woa13data.html). Green contours (contour interval: 1 psu) show the climatological annual
mean SSS of the WOA13.
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the eastern North Atlantic (Figure 4a). Further, the SSS increases in the
Bafﬁn Bay, which is mainly due to the reduced freshwater transport by
0.14 Sv. In contrast, the SSS decreases in the Greenland-Iceland-
Norwegian (GIN) seas owing to the weakened salinity transport (not
shown). This is consistent with the CCSM4 modeling results by Otto-
Bliesner et al. (2017). The ﬂux-corrected model (FWC), on the other
hand, only simulates increased salinity in the western North Atlantic,
in the Labrador Sea and west of Greenland (including the Bafﬁn Bay;
Figure 4b). In particular, the salinity increase in the western North
Atlantic in FWC amounts to 1.6 psu as compared to 0.6 psu in T42.
The SSS changes due to the closed straits drive marked changes in
the deep water formation in the subpolar North Atlantic. The winter
mean (December to February) mixed layer depth (MLD) is a measure
of deep convection in this region (Figures 4c and 4d). The MLD is
deﬁned as the depth at which the density increases from the ocean surface by 0.01 kg/m3. As shown
by the contours in Figure 4c, the deep convection sites in T42 are located south of Greenland, in the
Irminger Sea and GIN Sea. The convection site south of Greenland shifts westward into the Labrador
Sea in FWC (contours in Figure 4d), which is more realistic with respect to present-day conditions
Table 1
Overview of the Model Simulations Analyzed in This Paper
Experiment
name
Flux
correction
Atmospheric
CO2 (ppm)
Bering and Arctic
Archipelago Straits
Integration
time
(model years)
PICTLT42 Without 286 Open 1,000
PLIOT42 Without 405 Open 800
CBAT42 Without 405 Closed 800
PICTLFWC With 286 Open 800
PLIOFWC With 405 Open 800
CBAFWC With 405 Closed 800
Note. PLIO and CBA are based on PRISM3 (Haywood et al., 2011) and PRISM4
(Dowsett et al., 2016) Bering and Arctic Archipelago Straits conditions, respec-
tively. Subscripts T42 and FWC indicate the KCM with and without applying a
surface freshwater-ﬂux correction over the North Atlantic, respectively.
Figure 4. Response of annual mean sea surface salinity (SSS, unit: psu) to closed Bering and Arctic Archipelago Straits in
(a) T42 and (b) FWC. Green contours depict climatological mean SSS (contour interval: 0.5 psu). Response of DJF
(December–February) mean mixed layer depth (MLD, unit: m) to closed Bering and Arctic Archipelago straits in (c) T42 and
d FWC. Green contours depict climatological DJF mean MLD (contour interval: 400 m). Stippling indicates statistical sig-
niﬁcance at the 95% conﬁdence level using Student’s t test.
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(Figure S4). With the closure of Bering and Arctic Archipelago Straits, a dipole response in the deep con-
vention region south of Greenland is observed in T42 (color shading in Figure 4c). The MLD averaged in
the domain of GIN Sea (66°N to 78°N, 6°W to 12°E) also deepens from 132 m in PLIOT42 to 149 m in
CBAT42. In FWC, a much stronger dipole response of MLD is simulated in the Labrador Sea with shoaling
MLD in the east and deepening MLD in the west. The MLD also increases in the Bafﬁn Bay, while it
hardly changes in the GIN Sea.
The intensiﬁed deep convection due to the closed gateways drives a stronger AMOC in both integrations
(Figures 5a and 5b). The AMOC strength, deﬁned as the maximum overturning stream function at 30°N,
increases from 12.4 Sv in PLIOT42 to 13.4 Sv in CBAT42 (Figure 5a). Accordingly, the associated meridional
oceanic heat transport averaged over the latitude range 40°N and 60°N slightly increases from 0.35 PW in
PLIOT42 to 0.38 PW in CBAT42 (not shown). The corrected model FWC yields a larger increase in AMOC
strength from 14.1 Sv in PLIOFWC to 16.3 Sv in CBAFWC (Figure 5b). Further, the meridional oceanic heat trans-
port averaged over the latitude range 40°N and 60°N increases from 0.37 PW in PLIOFWC to 0.48 PW in CBAFWC
(not shown). This relative change (30%) in the heat transport is much stronger than that (10%) reported by
Otto-Bliesner et al. (2017).
As shown by Park et al. (2016), the mean horizontal circulation is less biased in comparison with satellite
observations when applying the freshwater correction. The annual-mean dynamic sea level (DSL), deﬁned
as the sea surface height deviation from the globally averaged sea surface height, illustrates the mean hor-
izontal circulation (contours in Figures 5c and 5d). Compared to the DSL in T42 (contours in Figure 5c),
FWC exhibits a steeper DSL gradient at 40°N in the western North Atlantic, which implies a stronger Gulf
Stream. Additionally, the path of the North Atlantic Current is farther northward reaching (contours in
Figure 5d) and the subpolar gyre less extensive in FWC.
Figure 5. Response of annual mean Atlantic Meridional Overturning Circulation (AMOC, unit: Sv) to closed Bering and
Arctic Archipelago Straits in (a) T42 and (b) FWC. Green contours depict climatological mean AMOC (contour interval:
2 Sv). Response of annual mean dynamic sea level (DSL, unit: m) to closed Bering and Arctic Archipelago Straits in (c) T42
and (d) FWC. Green contours depict climatological mean DSL (contour interval: 0.1 m). Stippling indicates statistical sig-
niﬁcance at the 95% conﬁdence level using Student’s t test.
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The DSL response to the closed gateways in FWC (Figure 5d) is rather different to that in T42 (Figure 5c). The
negative DSL signals in the Bafﬁn Bay and west of Greenland are much stronger and the positive DSL signals
stretch more northward in comparison to those in T42 (Figure 5d). As illustrated by the barotropic stream
function, the Gulf Stream in FWC intensiﬁes by 4 Sv as opposed to 1 Sv in T42 (Figures 6a and 6b). Over
the midlatitude North Atlantic, the closed straits slightly increase the DSL by up to 0.22 m at the northeastern
ﬂank of the subpolar gyre in T42 (Figure 5a). The subpolar gyre strength, deﬁned as the barotropic stream
function averaged over 50°N to 58°N, 26°W to 42°W, weakens from 25.25 Sv in PLIOT42 to 23.75 Sv in
CBAT42 (Figure 6a). A stronger response is observed in FWC, which features an increase in DSL of up to
0.25 m (Figure 5d) and decrease in subpolar gyre strength of 3.8 Sv (Figure 6b).
Themismatch between the SST proxies and themodel is much reduced in FWC (Figures 1b and 1c). We quan-
tify this mismatch with the root-mean-square error metric. The root-mean-square error over the North
Atlantic (40°N to 60°N) decreases from 4.93 °C in CBAT42 to 4.41 °C in CBAFWC. Relative to the preindustrial
control experiment, the closed ocean gateways and high atmospheric CO2 concentration induce a warming
of 1.2 °C averaged over the midlatitude North Atlantic in T42 (Figure 1b). In particular, the Gulf Stream region
features warming of up to 4.1 °C while east of Greenland, cooling of 1.5 °C is simulated. The warming is greatly
ampliﬁed in FWC, especially in the western North Atlantic, the Labrador Sea, and Bafﬁn Bay (Figure 1c).
Further, the warming signal in the east expands westward and northward. In the GIN Sea, however, which
is the region of the largest warming according to the proxy data, no improvement is achieved. Overall, the
surface freshwater ﬂux correction applied to the model not only improves the representation of the mean
Atlantic Ocean circulation and North Atlantic SST but also enhances their sensitivity to closing the Bering
and Arctic Archipelago Straits.
3.2. Mechanism for the Response
A heat budget analysis is applied to quantify the contributions of the surface heat ﬂux and ocean dynamical
heating processes. Following DiNezio et al. (2009) and Salau et al. (2012), the heat budget over the upper
300 m (H) can be expressed as
∂Q
∂t
¼ Qnet þ Qdyn þ QSCS; (1)
where Qnet is the net surface heat ﬂux deﬁned by the sum of sensible heat ﬂux, latent heat ﬂux, shortwave
radiation, and longwave radiation. Qdyn denotes the overall contributions of zonal (Qu), meridional (Qv),
and vertical (Qw) advective heating by resolved ocean currents using
Figure 6. Responses of annual mean barotropic stream function (shading, unit: Sv) to closed Bering and Arctic Archipelago
Straits are depicted in (a) T42 and (b) FWC. Green contours show climatological mean stream function (contour interval:
6 Sv) for (a) T42 and (b) FWC. Positive differences and solid contours indicate clockwise circulation and vice versa for the
negative differences and dashed contours. Stippling indicates the responses are statistically signiﬁcant at the 95% conﬁ-
dence level using Student’s t test.
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Qu ¼ ρcp ∫
0
H
u
∂T
∂x
dz; (2)
Qv ¼ ρcp ∫
0
H
v
∂T
∂y
dz; (3)
Qw ¼ ρcp ∫
0
H
w
∂T
∂z
dz: (4)
QSCS is the ocean heat transport by unresolved processes, which is neglected here. ρ and cp are the density
speciﬁc heat capacity of water, respectively. The product of ρ and cp equals 4.1 × 10
6J · m3 · K1.
Relative to the preindustrial control experiment, the response of Qnet to the closed straits and higher CO2 in
T42 depicts a damping on the SSTs in the Gulf Stream region where the ocean loses heat to the atmosphere
(Figure 7a). In the midlatitude North Atlantic, however, there are no large changes in the surface heat ﬂux.
Heat is gained from the atmosphere in the GIN Sea (Figure 7a), where SSTs exhibit slight cooling
(Figure 1b). The response of Qnet in FWC is rather different. Oceanic heat loss is observed over the Gulf
Stream region, western North Atlantic, parts of the subpolar gyre, and west of Greenland (Figure 7b). Heat
loss indicates a damping on the SSTs in the aforementioned regions. On the other hand, the Irminger Sea
and the GIN Sea receive heat from the atmosphere.
With closed Bering and Arctic Archipelago Straits and high CO2, slightly enhanced ocean dynamical heating
only is found in scattered regions of the North Atlantic and Arctic in T42 (Figure 7c). The change in total ocean
Figure 7. Response of annual mean net surface heat ﬂux (Qnet, unit: W/m
2) to closed Bering and Arctic Archipelago Straits and higher CO2 in (a) T42 and (b) FWC.
Green contours depict climatological mean Qnet (contour interval: 30 W/m
2). Solid contours and positive color shadings indicate that the ocean gains heat from the
atmosphere, and vice versa. Stippling indicates statistical signiﬁcance at the 95% conﬁdence level using Student’s t test. Response of annual mean ocean dynamical
heating (Qdyn, unit: W/m
2), vertically integrated over the upper 300 m, to closed Bering and Arctic Archipelago Straits and higher CO2 in (c) T42 and (d) FWC.
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dynamical heating Qdyn amounts to 35.6 W/m
2 averaged over the latitude range 40°N to 60°N. The
individual dynamical heating terms are shown in (Figures S5a, S5c, and S5e). In contrast, much stronger
changes in dynamical heating are observed in FWC (Figure 7d). The averaged Qdyn over the latitude range
40°N to 60°N is 240.7 W/m2. Increased total dynamical heating is observed in the western North Atlantic, in
the Labrador Sea and Bafﬁn Bay, and west of Greenland (Figure 7d). The meridional dynamical heating term
is by far the largest contribution (Figure S5d). Zonal dynamical heating is important in the Gulf Stream region,
subpolar gyre and Bafﬁn Bay, zonal dynamical cooling in the Labrador Sea, and off Newfoundland
(Figure S5b). The changes in vertical dynamical heating are mostly negligible (Figure S5f). Our results support
the hypothesis that the warmNorth Atlantic climate during themid-Pliocenemay be, at least partly, the result
of increased ocean heat transports due to an enhanced thermohaline circulation and more realistic gyre cir-
culation (Raymo et al., 1989; Rind & Chandler, 1991).
4. Summary and Discussion
This study investigates the inﬂuence of model biases on the ocean circulation and surface climate of the
North Atlantic during the mid-Pliocene by conducting a series of experiments with the KCM. The KCM’s
response to closed Bering and Arctic Archipelago Straits and increased atmospheric CO2 concentration
was studied with the standard KCM (T42) and a version in which a surface freshwater-ﬂux correction is
applied over the North Atlantic (FWC). The latter version exhibits considerably reduced biases with respect
to the Atlantic Ocean circulation and North Atlantic SSS and SST. Model-proxy SST discrepancy over large
regions of the North Atlantic and Artic is substantially reduced in the FWC, particularly in the west. This is lar-
gely due to much enhanced ocean dynamical heating, with the meridional component contributing the
largest share.
We note that the proxy evidence for stronger poleward heat transport in the North Atlantic during the mid-
Pliocene is still under debate. It has been suggested that the AMOC gradually strengthened as the closure of
the Panama Seaway increased the salinity in the Atlantic (Bartoli et al., 2005; Haug & Tiedemann, 1998; Haug
et al., 2001; Maier-Reimer et al., 1990; Zhang et al., 2012). However, the exact timing for the ﬁnal closure of the
Panama Seaway remains unclear (e.g., Molnar, 2008; Montes, 2015). Mestas-Nuñez andMolnar (2014) pointed
that the increased salinity contrast between the Paciﬁc and Atlantic could be explained by the reduced atmo-
spheric moisture transport due to a warmer eastern tropical Paciﬁc. Numerous studies present evidence for a
stronger AMOC during the mid-Pliocene relative to present-day conditions, which among others (e.g., Frank
et al., 2002; Frenz et al., 2006) is supported by a weaker north-south δ13C gradient in the Atlantic (Ravelo &
Andreasen, 2000; Raymo et al., 1996). However, climate models from the Pliocene Model Intercomparison
Project phase 1 do not simulate a stronger AMOC, when forced bymid-Pliocene boundary conditions without
the Arctic gateway changes. Zhang et al. (2013) suggested that the weak north-south δ13C gradient could be
due to either the increased ventilation or reduced stratiﬁcation in the Southern Ocean. Additionally, the exis-
tence of a Paciﬁc Meridional Overturning Circulation in the north Paciﬁc may also account for the weak δ13C
gradient (Burls et al., 2017).
We note that the ﬂux-corrected KCM, with the implementation of the two closed ocean gateways, still sub-
stantially underestimates the SST in the GIN Sea (Figure 1c). A previous study has illustrated that the sea
ice is a crucial climate system component for the simulation of the SSTs in the Arctic (Howell et al., 2016).
However, the ﬂux-correction applied to the KCM fails to improve the sea ice extent east of Greenland
(Park et al., 2016). In FWC, even larger sea ice extent is simulated in response to the two closed straits
(Figure S6). Moreover, the lack of terrestrial ecosystem greenhouse gas emissions and interactive
chemistry-climate feedbacks may contribute to the erroneous response (Unger & Yue, 2014).
The use of ﬂux correction/adjustment to investigate climate change is still under debate. For instance, theo-
retical studies have suggested that the AMOC can have more than one stable state (Stommel, 1961).
However, even state-of-the-art coupled climate models in the Coupled Model Intercomparison Project phase
5 are biased toward a monostable AMOC, which may be attributed to the surface climate biases, especially in
the tropical and northern North Atlantic (Liu et al., 2014). Using large ﬂux adjustment, Manabe and Stouffer
(1988) were the ﬁrst to investigate a bistable behavior of the AMOC in a coupled climate model, thus explain-
ing the abrupt climate changes observed in paleoclimate records. Moreover, Liu et al. (2017) simulates a col-
lapsed AMOC under global warming with a ﬂux-corrected model, as compared to modest changes in the
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AMOC in most other climate model projections. Gent (2017) argued that the ﬂux correction does not only
improve the mean surface climate but also strongly interfere with the associated ocean-atmosphere feed-
backs, thus signiﬁcantly affecting the AMOC stability properties. Therefore, the conclusions drawn from
ﬂux-adjusted models should be interpreted with caution.
We conclude that alleviating model biases may enable coupled climate models to more realistically simulate
the response of the surface climate over the North Atlantic to closed Bering and Arctic Archipelago Straits
during the mid-Pliocene. As enhancing the horizontal model resolution does not necessarily improve model
performance in the North Atlantic (Delworth et al., 2012; Grifﬁes et al., 2015), the application of a regional ﬂux
correction that improves the Atlantic salinity distribution may serve as an interim solution to enhance paleo-
climate modeling with altered boundary conditions.
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